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Description

[0001] The presentinvention relates to a secondary power source having a high upper limit voltage, a large capacity
and a high reliability for large current charge and discharge cycles.

[0002] As electrodes for a conventional electric double layer capacitor, polarizable electrodes composed mainly of
activated carbon are used for both the positive electrode and the negative electrode. The upper limit voltage of an
electric double layer capacitor is 1.2 V when an aqueous electrolyte is used, or from 2.5 to 3.3 V when an organic
electrolyte is used. The energy of the electric double layer capacitor is proportional to the square of the upper limit
voltage. Accordingly, an organic electrolyte having a high upper limit voltage provides a high energy as compared with
an aqueous electrolyte. However, even with an electric double layer capacitor employing an organic electrolyte, the
energy density is as low as at most 1/10 of a secondary cell such as a lead-acid battery, and further improvement of
the energy density is required.

[0003] Whereas, JP-A-64-14882 proposes a secondary power source for an upper limit voltage of 3 V, which employs
an electrode composed mainly of activated carbon as a positive electrode and as a negative electrode, an electrode
having lithium ions preliminarily doped in a carbon material having a lattice spacing of [002]face of from 0.338 to 0.356
nm as measured by X-ray diffraction. Further, JP-A-8-107048 proposes a battery which employs, for a negative elec-
trode, a carbon material having lithium ions preliminarily doped by a chemical method or by an electrochemical method
in a carbon material capable of doping and undoping lithium ions. Still further, JP-A-9-55342 proposes a secondary
power source for an upper limit voltage of 4 V, which has a negative electrode having a carbon material capable of
doping and undoping lithium ions supported on a porous current collector which does not form an alloy with lithium.
[0004] A secondary power source which employs activated carbon for a positive electrode and a carbon material
capable of doping and undoping lithium ions for a negative electrode, provides a higher upper limit voltage and a larger
capacity than a conventional electric double layer capacitor which employs activated carbon for both positive and
negative electrodes. Particularly when a graphite type carbon material with which the potential for doping and undoping
lithium ions is low is used for the negative electrode of the secondary power source, a larger capacity can be obtained.
[0005] Further, a lithium ion secondary cell is available as a high-performance secondary power source other than
the electric double layer capacitor and the above secondary power source. The lithium ion secondary cell has charac-
teristics such that it can be operated at a higher voltage and it provides a larger capacity as compared with the electric
double layer capacitor. However, it has had problems such that the resistance is high, and the useful life due to quick
charge and discharge cycles is very short as compared with the electric double layer capacitor.

[0006] A secondary power source which employs activated carbon for a positive electrode and a carbon material
capable of doping and undoping lithium ions for a negative electrode is excellent in durability against quick charge and
discharge cycles as compared with a lithium ion secondary cell, however, it has an inadequate durability against quick
charge and discharge cycles as compared with an electric double layer capacitor. This is considered to be attributable
to a negative electrode having a construction different from the electric double layer capacitor and a difference in an
electrode reaction at the negative electrode.

[0007] Underthese circumstances, it is an object of the present invention to provide a secondary power source which
has quick charge and discharge capability, provides a high upper limit voltage and a large capacity and has a high
energy density and which has a high charge and discharge cycle reliability, particularly by studies on a negative elec-
trode.

[0008] The present invention provides a secondary power source, which comprises a positive electrode containing
activated carbon, a negative electrode containing a carbon material capable of doping and undoping lithium ions, and
an organic electrolyte containing a lithium salt, wherein the negative electrode has an electrode density of from 0.6 to
1.2 g/cm3.

[0009] Now, the present invention will be described in detail with reference to the preferred embodiments.

[0010] In the accompanying drawing:

[0011] Fig. 1is a diagram illustrating the relation of the density of a negative electrode to the initial capacity and the
change in capacity in Examples.

[0012] In this specification, a negative electrode assembly is one obtained by bonding and integrating a current
collector and a negative electrode composed mainly of a carbon material capable of doping and undoping lithium ions.
Likewise, a positive electrode assembly is one obtained by bonding and integrating a current collector and a positive
electrode. A secondary cell as well as an electric double layer capacitor is a kind of a secondary power source. However,
in this specification, a secondary power source of a specific construction wherein the positive electrode contains acti-
vated carbon and the negative electrode contains a carbon material capable of doping and undoping lithium ions, will
be referred to simply as a secondary power source.

[0013] In a lithium ion secondary cell, the positive electrode is an electrode composed mainly of a lithium-containing
transition metal oxide, and the negative electrode is an electrode composed mainly of a carbon material capable of
doping and undoping lithium ions. Lithium ions are undoped from the lithium-containing transition metal oxide in the



10

15

20

25

30

35

40

45

50

55

EP 1 239 527 A2

positive electrode by charging and doped in the carbon material capable of doping and undoping lithium ions in the
negative electrode, and lithium ions are undoped from the negative electrode by discharging and doped in the positive
electrode. Accordingly, lithium ions in an electrolyte are not substantially involved in charge and discharge of the cell.
[0014] On the other hand, in the secondary power source of the present invention, anions in the electrolyte are
adsorbed on the activated carbon in the positive electrode by charging, and lithium ions in the electrolyte are doped
in the carbon material capable of doping and undoping lithium ions in the negative electrode. Further, by discharging,
lithium ions are undoped from the negative electrode and anions are desorbed from the positive electrode. Namely, in
the secondary power source of the present invention, the solute in the electrolyte is substantially involved in the charge
and discharge, and the mechanism of the charge and discharge is different from that of the lithium ion secondary cell.
Further, doping and undoping of lithium ions are not involved in the positive electrode of the secondary power source
of the invention, which is different from the lithium ion secondary cell, and the positive electrode does not deteriorate
due to doping and undoping of lithium ions, and accordingly the secondary power source of the present invention is
less likely to deteriorate by charge and discharge cycles as compared with the lithium ion secondary cell, and is excellent
in a long-term reliability.

[0015] Inthe case of the secondary power source of the present invention, it is considered that the durability against
quick charge and discharge cycles greatly depends on the negative electrode and is influenced by the type of the
carbon material for the negative electrode and properties of the negative electrode formed.

[0016] The presentinventors have conducted extensive studies and as a result, have found that there is a correlation
between the density of the negative electrode and cycle performance of quick charge and discharge. Namely, they
have found that the lower the density of the negative electrode, the lower the rate of decrease in capacity due to quick
charge and discharge, and when the density becomes lower than a predetermined value, the rate of decrease in
capacity becomes substantially constant.

[0017] The decrease in capacity due to quick charge and discharge cycle is considered to be attributable to non-
uniformity and electrolyte-absorbing properties of the negative electrode. For example, itis considered that non-uniform
distribution of the electrolyte in the electrode causes non-uniform potential distribution in the electrode at the time of
charging and discharging. Namely, it is considered that at a portion of the negative electrode which is not adequately
impregnated with the electrolyte, the potential rapidly rises or falls locally due to quick charge and discharge, whereby
a side reaction such as deposition of lithium metal or decomposition of the electrolyte is likely to take place, thus leading
to decrease in capacity. On the other hand, it is considered that such a decrease in capacity can be reduced if the
entire carbon particles as an active material in the negative electrode can be impregnated with the electrolyte. The
density (of the formed product) of the negative electrode relates to electrolyte-absorbing properties (wettability) of the
negative electrode, and the lower the density, the higher the electrolyte-absorbing properties, and accordingly the lower
the density of the negative electrode, the smaller the decrease in capacity due to quick charge and discharge cycles.
[0018] Conventionally, the density of the negative electrode tends to be increased so as to increase the amount of
the active substance per unit volume to increase the initial capacity. However, taking durability against quick charge
and discharge cycles into consideration as described above, it is required to adjust the density of the negative electrode
so that it is not too high.

[0019] Inthe presentinvention, the density of the negative electrode is from 0.6 to 1.2 g/cm3 from the above viewpoint,
and the density of the negative electrode is more preferably from 0.7 to 1.0 g/cm3. If the density of the negative electrode
exceeds 1.2 g/cm3, the entire electrode is less likely to be impregnated with the electrolyte as described above, and
the rate of decrease in capacity due to quick charge and discharge cycles tends to be high. On the other hand, if the
density of the negative electrode is less than 0.6 g/cm3, the amount of the active substance of the negative electrode
per unit volume tends to decrease, thus leading to decrease in the energy density of the cell.

[0020] In the present invention, the carbon material capable of doping and undoping lithium ions preferably has a
lattice spacing of [002]face of from 0.335 to 0.410 nm as measured by X-ray diffraction. The carbon material capable
of doping and undoping lithium ions may, for example, be natural graphite, artificial graphite, petroleum coke, a meso
phase pitch-type carbon material, a hard (non graphitizable) carbon material, a composite material of a graphite type
material and a hard (non graphitizable) carbon material or a mixed material, and any one of such materials may be
employed.

[0021] Among carbon materials capable of doping and undoping lithium ions, vapor grown carbon fibers having a
lattice spacing of [002]face at a level of from 0.336 to 0.337 nm are preferably incorporated into the negative electrode,
since they have a high conductivity. When the vapor grown carbon fibers are added as an active material and conductive
material to the negative electrode, not only the conductivity of the negative electrode increases, but also the density
of the negative electrode can be made low, whereby uniformity of the negative electrode increases, and the cycle
performance of the secondary power source against quick charge and discharge tend to improve. The amount of the
vapor grown carbon fibers contained in the negative electrode is preferably from 5 to 30%, more preferably from 8 to
15%, based on the total mass of the negative electrode. If it is less than 5%, the conductivity of the negative electrode
may not adequately be increased. On the other hand, if the amount of the vapor grown carbon fibers added is larger
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than 30%, no further increase in the conductivity can be expected any more. Further, the amount of the vapor grown
carbon fibers is preferably small in view of cost.

[0022] The negative electrode assembly in the presentinvention can be obtained in such a manner that polyvinylidene
fluoride, polyamideimide, polyimide or the like is used as a binder, a carbon material for the active material of the
negative electrode (preferably containing vapor grown carbon fibers) is dispersed in a solution having the resin as the
binder or a precursor thereof dissolved in an organic solvent to prepare a slurry, which is coated on a current collector
and dried, preferably followed by rolling by a roll pressing machine.

[0023] In acase where the negative electrode assembly is obtained by the above method, the density of the negative
electrode can be controlled by adjusting e.g. the amount of the vapor grown carbon fibers added, the concentration of
the slurry and the pressing pressure.

[0024] In the method for coating the slurry on the current collector to prepare the negative electrode assembly, the
solvent for dissolving the resin for the binder or the precursor thereof is not particularly limited. However, N-methyl-
2-pyrrolidone (hereinafter referred to as NMP) is preferred, since it is readily available and capable of readily dissolving
the resin constituting the binder or the precursor thereof. Here, the precursor for polyamideimide or the precursor for
polyimide means one which will be converted to polyvinylidene fluoride, polyamideimide or polyimide, respectively, by
polymerization under heating. Among these binders, particularly preferred is polyvinylidene fluoride with which an
electrode excellent in electrolyte-absorbing properties is likely to be prepared.

[0025] In the present invention, the binder contained in the total mass of the negative electrode is preferably from 4
to 30%. If the amount of the binder is larger than this range, the negative electrode capacity tends to be small. If the
amount of the binder is smaller than this range, the effect as the binder tends to be weak, and the negative electrode
and the current collector are likely to be separated. More preferably, the amount is from 7 to 25%.

[0026] In the present invention, the activated carbon contained in the positive electrode preferably has a specific
surface area of from 800 to 3,000 m2/g. The starting material and the activation conditions for the activated carbon are
not particularly limited. For example, the starting material may be a coconut shell, a phenol resin or a petroleum coke,
and the activation method may, for example, be a steam-activation method or a molten alkali activation method. Par-
ticularly preferred is activated carbon obtained by steam activation using, as the starting material, a coconut shell or
a phenol resin. In order to reduce the resistance of the positive electrode, it is preferred to incorporate conductive
carbon black or graphite as a conductive material into the positive electrode. In such a case, the conductive material
is contained in an amount of preferably from 0.1 to 20% based on the total mass of the positive electrode.

[0027] As a method for preparing the positive electrode assembly, a method may, for example, be mentioned wherein
polytetrafluoroethylene as a binder is mixed and kneaded with a mixture comprising an activated carbon powder and
a conductive material, followed by forming into a sheet shape to obtain a positive electrode, which is then bonded to
a current collector by means of a conductive adhesive. Otherwise, in the same manner as the negative electrode
assembly, an activated carbon powder and a conductive material powder may be dispersed in a varnish having poly-
vinylidene fluoride, polyamideimide, polyimide or the like dissolved as a binder, and the dispersion may be coated on
a current collector by e.g. a doctor blade method, followed by drying. The proportion by mass of the binder contained
in the positive electrode is preferably from 1 to 20% from the viewpoint of the balance between the strength of the
positive electrode assembly and properties such as capacity.

[0028] The lithium salt contained in the organic electrolyte in the present invention is preferably at least one member
selected from the group consisting of LiPFg, LiBF4, LiCIO,4, LIN(SO,CF3),, LIN(SO,C4F5),, CF3SOsLi, LiC (SO,CF3)5,
LiAsFg and LiSbFg. The concentration of the lithium salt in the electrolyte is preferably from 0.1 to 2.5 mol/¢, more
preferably from 0.5 to 2 mol/¢.

[0029] The solvent in the electrolyte of the present invention may, for example, be ethylene carbonate, propylene
carbonate, butylene carbonate, dimethyl carbonate, ethylmethyl carbonate, diethyl carbonate, sulfolane and dimeth-
oxyethane. These may be used alone or as a mixed solvent of at least two.

[0030] Now, the present invention will be described in further detail with reference to Examples (Examples 1 to 5)
and Comparative Examples (Examples 6 and 7). However, it should be understood that the present invention is by no
means restricted by such Examples.

[0031] The preparation of cells and the measurements in Examples 1 to 7 were carried out in an argon glove box
with a dewpoint of at most -60°C in all cases.

EXAMPLE 1

[0032] As a carbon material capable of doping and undoping lithium ions, hard (non graphitizable) carbon having a
lattice spacing of [002]face of 0.373 nm and vapor grown carbon fibers having a lattice spacing of [002]face of 0.336
nm were mixed in a mass ratio of 8:1, and the obtained mixture was dispersed in a solution having polyvinylidene
fluoride dissolved in NMP. This dispersion was coated on a current collector made of cupper and dried to form a negative
electrode on the current collector. This assembly was further pressed by a roll pressing machine so that the electrode
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density was 0.8 g/cm3, the area of the negative electrode was 1 cm X 1 cm and the thickness was from 15 to 30 um,
and a heat treatment was carried out under reduced pressure at 150°C for 10 hours to obtain a negative electrode
assembly. Here, in the negative electrode, the mass ratio of the carbon material capable of doping and undoping lithium
ions and polyvinylidene fluoride was made to be 9:1.

[0033] Then, a mixture obtained by mixing activated carbon having a specific surface area of 2,000 m2/g obtained
by steam-activation using a phenol resin as a starting material, conductive carbon black and polytetrafluoroethylene
as a binder in a mass ratio of 8:1:1, was added to ethanol, followed by kneading, rolling and drying in vacuum at 200°C
for 2 hours to obtain an electrode sheet having a thickness of 150 um. From this electrode sheet, an electrode of 1 cm
X 1 cm was obtained and was bonded to a current collector made of an aluminum foil by means of a conductive
adhesive using polyamideimide as a binder, followed by heat treatment under reduced pressure at 260°C for 10 hours
to obtain a positive electrode assembly.

[0034] The positive electrode assembly and the negative electrode assembly thus obtained were disposed to face
each other with a polypropylene separator interposed therebetween, and were thoroughly impregnated with the elec-
trolyte, to obtain a secondary power source. A solution having LiBF, in a concentration of 1 mol/¢ dissolved in a mixed
solvent of ethylene carbonate and ethylmethyl carbonate (mass ratio 1:1) was used as an electrolyte, and the above
secondary power source was thoroughly impregnated with the electrolyte, whereupon the initial capacity was measured
within a range of from 4.2 V to 2.75 V. Thereafter, a charge and discharge cycle test was carried out at a charge and
discharge current of 10 mA/cm?2 within a range of from 4.0 V to 2.75 V, and the capacity after 2,000 cycles was measured,
whereupon the change in capacity was calculated. The results are shown in Table 1.

EXAMPLE 2

[0035] A secondary power source was obtained in the same manner as in Example 1 except that the density of the
negative electrode was made to be 0.95 g/cm?3 by changing the pressure at the time of rolling, and evaluated in the
same manner as in Example 1. The results are shown in Table 1.

EXAMPLE 3

[0036] A secondary power source was obtained in the same manner as in Example 1 except that the density of the
negative electrode was made to be 0.65 g/cm?3 by changing the pressure at the time of rolling, and evaluated in the
same manner as in Example 1. The results are shown in Table 1.

EXAMPLE 4

[0037] A secondary power source was obtained in the same manner as in Example 1 except that the density of the
negative electrode was made to be 1.1 g/cm3 by changing he pressure at the time of rolling, and evaluated in the same
manner as in Example 1. The results are shown in Table 1.

EXAMPLE 5

[0038] A secondary power source was obtained in the same manner as in Example 1 except that a solution having
0.9 mol/¢ of LIN(SO,C,F5), and 0.1 mol/¢ of LiCIO, dissolved in a mixed solvent of ethylene carbonate and ethylmethyl
carbonate (mass ratio 1:1) was used as the electrolyte, and evaluated in the same manner as in Example 1. The results
are shown in Table 1.

EXAMPLE 6

[0039] A secondary power source was obtained in the same manner as in Example 1 except that the density of the
negative electrode was made to be 0.55 g/cm3 by changing the pressure at the time of rolling, and evaluated in the
same manner as in Example 1. The results are shown in Table 1.

EXAMPLE 7

[0040] A secondary power source was obtained in the same manner as in Example 1 except that the density of the
negative electrode was made to be 1.25 g/cm3 by changing the pressure at the time of rolling, and evaluated in the
same manner as in Example 1. The results are shown in Table 1.

[0041] Here, Fig. 1is a diagram illustrating the relation of the density of the negative electrode with the initial capacity
and the change in capacity in Examples, from the results of Examples 1 to 4 and 6 and 7.
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Table 1
Initial capacity (m/Ah) | Change in capacity (%)
Example 1 1.24 -6.7
Example 2 1.31 -7.4
Example 3 1.12 -6.4
Example 4 1.35 -8.5
Example 5 1.36 -3.6
Example 6 1.01 -6.3
Example 7 1.39 -11.7

[0042] According to the present invention, a secondary power source having a large capacity, a high upper limit
voltage and high rapid charge and discharge cycle reliability, can be provided.

[0043] The entire disclosure of Japanese Patent Application No. 2001-63627 filed on March 7, 2001 including spec-
ification, claims, drawings and summary are incorporated herein by reference in its entirety.

Claims

1. Asecondary power source, which comprises a positive electrode containing activated carbon, a negative electrode
containing a carbon material capable of doping and undoping lithium ions, and an organic electrolyte containing
a lithium salt, wherein the negative electrode has a density of from 0.6 to 1.2 g/cm3.

2. The secondary power source according to Claim 1, wherein the carbon material contained in the negative electrode
has a lattice spacing of [002]face of from 0.335 to 0.410 nm as measured by X-ray diffraction.

3. The secondary power source according to Claim 1 or 2, wherein the negative electrode contains vapor grown
carbon fibers, and the carbon fibers are contained in an amount of from 5 to 30% based on the total mass of the
negative electrode.

4. The secondary power source according to Claim 3, wherein the carbon fibers have a lattice spacing of [002]face
of from 0.336 to 0.337 nm as measured by X-ray diffraction.

5. The secondary power source according to any one of Claims 1 to 4, wherein the negative electrode contains a
binder in an amount of from 5 to 30% based on the total mass of the negative electrode.

6. The secondary power source according to Claim 5, wherein the binder is polyvinylidene fluoride.

7. The secondary power source according to any one of Claims 1 to 6, wherein the activated carbon has a specific
surface area of from 800 to 3,000 m2/g.

8. The secondary power source according to any one of Claims 1 to 7, wherein the organic electrolyte comprises as
a solvent at least one member selected from the group consisting of ethylene carbonate, propylene carbonate,
butylene carbonate, dimethyl carbonate, ethylmethyl carbonate, diethyl carbonate, sulfolane and dimethox-
yethane, and as the lithium salt at least one member selected from the group consisting of LiPFg, LiBF,, LiCIO,,
LiN(SO,CF3),, LIN(SO,C5F5),, CF3SOsLi, LIC(SO,CF3)5, LiAsFg and LiSbFg.
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